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1.  Introduction 

Four- wave  mixing  (FWM)  has  been  used  in  many  optical  communication  applications  such  as 
parametric  amplification  [1-4],  wavelength  conversion  [5-7],  and  parametric  oscillation  [8- 
10].  It  is  also  used  to  create  super-continuum  light  and  frequency  combs  for  applications  in 
spectroscopy  and  absolute  frequency  calibration  [11].  Recently  there  has  been  a  growing 
interest  in  studying  the  FWM  with  multiple  pump  wavelengths  [12,  13].  In  most  experiments 
reported  so  far  with  two  pump  wavelengths  (Dp i  <  cOp2 ,  the  two  stimulated  degenerate  FWM 
processes  2 (Dpi  =  cost  +  C0p2  and  2 C0p2  -  cop i  +  coas  dominate  over  the  spontaneous  non¬ 
degenerate  FWM  process  C0p\  +C0p2  =  co^  +  0)as  in  creating  stokes  (tf>st)  and  anti-stokes  (o)as) 
light  in  the  spectral  side  bands.  Study  of  cross-correlation  between  the  created  stokes  and  anti- 
stokes  light  is  of  special  interest  for  the  generation  of  squeezed  states  [14]  or  correlated 
photon  pairs  [15-17]  that  may  be  of  use  for  high  resolution  imaging  or  quantum  information 
applications.  While  there  has  been  consistent  interest  in  studying  the  correlation  between  the 
stokes  and  anti-stokes  light  created  in  a  degenerate  FWM  process  with  a  single  pump 
wavelength  [18,  19],  correlation  studies  have  not  been  made  of  FWM  with  multiple  pump 
wavelengths  because  it  was  assumed  there  is  no  direct  correlation  between  the  stokes  and 
anti-stokes  beams  due  to  the  dominance  of  degenerate  FWM  amplification. 

Recently  it  was  shown  [12,  16,  20]  that  when  fiber  dispersion  varies  slowly  near  the  zero- 
dispersion  wavelength  (Azdw),  phase-matching  or  quasi-phase-matching  can  be  satisfied 
between  the  pump,  signal  and  idler  fields.  By  arranging  a  pair  of  pump  beams  with 
frequencies  ( cost ,  coas)  conjugate  with  respect  to  AZdw>  such  a  process  can  occur  and  dominate 
with  cost  +  coas  =  2  cOzdw-  The  frequency-degenerate  two-photon  light  was  produced  efficiently 
with  this  method  in  the  visible  and  the  near  infrared  [16,  20,  21]. 

When  light  is  created  at  the  middle  frequency  in  the  two-photon  state  by  spontaneous  non¬ 
degenerate  FWM  instead  of  in  single-photon  state  via  stimulated  degenerate  FWM,  this 
contradicts  the  accepted  view  as  described  above.  One  may  further  consider  that  this 
dominance  of  spontaneous  non-degenerate  FWM  relative  to  stimulated  degenerate  FWM 
might  also  appear  in  the  creation  of  stokes  and  anti-stokes  wavelengths  in  the  spectral  side 
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bands,  co? \  +(Dp2  — >  cos t  +  £>as,  which  also  contradicts  the  conventional  wisdom.  The  stokes  and 
anti-stokes  wavelengths  created  by  this  spontaneous  non-degenerate  FWM  process  exhibit 
inherent  correlation.  In  this  paper  we  report  what  we  believe  is  the  first  measurement  of  the 
cross-correlation  between  frequency-matched  stokes  and  anti-stokes  wavelengths  created  in  a 
FWM  process  with  dual-pump  wavelengths.  As  the  FWM  process  cascades  to  higher  order, 
the  higher  order  stokes  and  anti-stokes  wavelengths  show  increased  cross-correlation. 

2.  Experiment  and  discussion 

The  experiment  (Fig.  1)  begins  with  a  3  ps  linearly  polarized  laser  pulse  (Ap  =  834.9  nm) 
coupled  into  a  microstructure  fiber*  [22]  MFi  (y  =  70/W/km,  dispersion  D  =  1.8  ps/nm/km  at 
/Ip  =  835  nm)  along  one  principal  axis  to  generate  quasi-super-continuum  light  at  a  repetition 
rate  of  80  MHz,  from  which  we  select  a  pair  of  wavelengths  (Stokes,  A&  =  836.9  nm  and  anti- 
Stokes,  ^  =  832.6  nm).  Using  a  two-pass  grating  configuration,  the  two  selected  light  pulses 
are  put  back  in  the  same  single  spatial-mode  and  then  coupled  into  a  second  microstructure 
fiber,  MF2  along  the  same  principal  axis  used  for  MFi.  (MFi  and  MF2  are  two  identical  fibers 
with  MFi  to  be  1.8  m  and  MF2  to  be  1  m.)  The  delay  between  the  two  pulses  is  adjusted  to 
maximize  the  power  of  the  third-order  anti-Stokes  light  out  of  MF2  (Fig.  1  inset).  The  light 
output  from  MF2  is  directed  to  a  second  grating  to  separate  the  wavelengths. 


-4  -2  0  2  4 

Delay  (ps) 


Fig.  1.  Setup  for  FWM  in  two  MFs.  Inset-  Third-order  anti-Stokes  output  (/U-3  =  818.7  nm)  of 
MF2  versus  delay  between  the  two  inputs  into  MF2. 


A  spectrum  of  the  light  exiting  MF2  is  shown  in  Fig.  2(a),  where  the  two  pump 
wavelengths  (Asi  and  A^)  are  labeled,  along  with  wavelengths  A&+1  =  841.9  nm  and  /las_i  = 


* 

Certain  trade  names  and  company  products  are  mentioned  in  the  text  or  identified  in  an  illustration  in  order  to 
specify  adequately  the  experimental  procedure  and  equipment  used.  In  no  case  does  such  identification  imply 
recommendation  or  endorsement  by  the  National  Institute  of  Standards  and  Technology,  nor  does  it  imply  that  the 
products  are  necessarily  the  best  available  for  the  purpose. 
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828.1  nm,  Ast+2  =  846.7  nm  and  >3^-2  =  823.4  nm,  and  Ast+2  =  851.6  nm  and  Aas_3  =  818.7  nm 
designating  the  first,  second,  and  third  order  stokes  and  anti-stokes  wavelengths,  respectively. 
It  is  easy  to  verify  energy  conservation  with, 


<o„ 


+  ^st  =^as-l+^st+l 


-  ^as-2  +  ^st+2 
=  ^as-3  +  ^st+3 


(1) 


4.51x103THz. 


820  830  840  850 


-200 


-  100 
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Fig.  2.  (a)  Spectral  output  of  MF2  at  two  input  powers  Pst  +  Pas  =1.4  mW  (thick  line) 
and  0.8  mW  (thin  line),  (b),  (c)  and  (d)  Pas.j  average  output  anti-Stokes  power  of  order  i 
=  1,  2,  3,  versus  Pas-(;-i)  +  Pst+(z-i),  the  sum  of  the  average  powers  of  the  proceeding 
FWM  order.  The  data  set  (dots)  is  fit  with  Eq.  (2)  times  a  scale  factor  (line). 


For  each  order,  we  plot  the  average  power  of  the  anti-Stokes  light  as  a  function  of  the  total 
average  power  of  the  preceding  order  stokes  and  anti-stokes  wavelengths  in  Figs.  2(b)-(d). 
Each  curve  shows  an  exponentially  increasing  power-dependence,  where  if  we  assume  that 
the  non-degenerate  FWM  dominates  over  other  nonlinear  processes  in  the  generation  of  each 
order  Stokes  and  anti-Stokes  wavelength,  and  we  assume  that  the  pump  power  is  not 
significantly  consumed,  the  gain  for  each  order  FWM  process  is  [23] 

G  =  (1  +  -j-j)  sinh  2(gz) ,  (2) 

4  g2 

where  K  =  /?2(Aa>)2  +  y(/^t .  +  Pas  t)  accounts  for  the  FWM  phase  matching,  and 


2  2  1/2 

g  =  [(y(Pst  t  +  Pas  •)  —  (— )  ]  is  the  FWM  gain,  Pst  i  and  Pas?,  are  the  powers  of  the  parent 
stokes  and  anti-stokes  pump  light  with  i  =  0,  1,2  representing  the  order  of  the  FWM  process, 
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2  m 


D  is  the  group  velocity  dispersion  and  z  is  fiber  length.  As  seen  in  Figs.  2(b)- 


2(d),  the  data  are  consistent  with  the  exponential  behavior  of  Eq.  (2). 

The  stokes  and  anti-stokes  light  separated  by  the  grating  are  each  individually  coupled  into 
a  fast  photo-diode.  To  measure  the  correlation  between  conjugate  wavelengths  given  by 
energy  conservation  (Eq.  (1)),  the  induced  photo-currents,  Ist+i  and  /as_*  are  fed  into  a  phase- 
mixer  to  create  sum-  and  difference-  currents  1+  and  /.,  which  are  measured  by  a  RF  spectrum 

analyzer  [19].  The  difference  noise  current  density  for  perfect  correlation  is<  I*  >  =  0  while 

assuming  equal  detection 


for  two  completely  uncorrelated  wavelengths  <I2  >  =</+  > 


efficiencies.  A  ratio  r  = 


> 


<ll  >  +  </2  > 


characterizes  the  noise  cross-correlation  between 


the  two  wavelengths.  For  equal  detection  efficiencies,  and  perfect  correlation  between  the  two 
wavelengths,  T  approaches  unity. 
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Fig.  3.  Cross-correlation  measurements  for  the  twin  lights  generated  in  first  and  second  order 
FWM  processes  in  MF2.  The  dashed  line  shows  cross- correlation  between  the  two  inputs  to 
MF2  for  comparison. 


The  measured  noise  cross-correlations  (Fig.  3)  show  that  the  two  second-order 
wavelengths  (2^.2  and  ^t+2)  have  higher  cross-correlation  than  the  two  first-order 
wavelengths  (>4s-i  and  2st+i).  The  correlation  increases  with  power  and  saturates  at  high 
power,  where  the  difference-noise  falls  below  the  sum-noise  by  14  dB  for  the  first  order,  and 
24  dB  for  the  second  order.  We  recall  that  the  two  frequency-conjugate  inputs  to  MF2  were 
selected  from  the  spontaneous  degenerate  FWM  output  of  MFi,  where  the  difference-noise 
falls  below  the  sum-noise  by  3.6  dB.  (The  light  coupling-out  efficiency  from  MF2  is  80%,  the 
grating  efficiency  is  90%  and  the  detector  efficiency  is  80%. )  This  is  close  to  the  maximum 
noise  correlation  of  5  dB  measured  in  a  previous  degenerate  FWM  experiment  with  a  single 
pump  wavelength  [18];  while  in  our  experiment  the  subsequent  cascaded  FWM  in  MF2 
creates  twin  wavelengths  with  much  higher  cross-correlations.  Considering  that  the  two  FWM 
processes  in  MFi  and  MF2  are  inherently  cascaded,  a  10  dB  increase  (difference-noise  falling 
below  the  sum-noise)  is  obtained  for  each  higher  order  cascaded  process.  (The  cross¬ 
correlation  between  the  third-  and  higher-order  Stokes  and  anti-Stokes  wavelengths  could  not 
be  resolved  due  to  limited  detection  sensitivity.) 
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It  is  known  that  purely  classical  noise  sources  can  also  result  in  <  l1  >  =  0  and  T  =  1.  A 
number  of  approaches  can  be  used  to  differentiate  between  classical  and  non-classical  effects. 
One  way  is  to  compare  the  difference-noise  with  the  shot  noise  limit  [18],  another  way  is  to 
examine  the  violation  of  classical  probability  [24].  For  our  experiment,  we  used  yet  another 
method  to  examine  the  non-classicality.  We  varied  the  wavelengths  of  one  of  the  two  inputs 
to  MF2,  and  observed  the  wavelengths  of  the  created  spectral  side  bands  shifting 
correspondingly.  We  saw  the  measured  sum-noise  remain  nearly  constant,  while  the 
difference-noise  rose  to  the  level  of  the  sum-noise.  This  decreased  correlation  shows  that  the 
spontaneous  non-degenerate  FWM  process  is  replaced  by  the  stimulated  degenerate  FWM 
process  in  MF2  as  we  vary  the  wavelength.  In  our  previous  publication  [25],  we  discussed 
how  the  spontaneous  FWM  process  is  a  quantum  process.  Hence,  the  noise  correlation 
measurement,  together  with  the  gain  measurement,  strongly  suggests  that  spontaneous  non¬ 
degenerate  FWM  also  dominates  in  the  cascaded  process  in  creating  the  stokes  and  anti-stokes 
wavelengths,  as  well  as  dominating  the  creation  of  two-photon  light  at  the  middle  frequency. 
When  repeating  the  same  type  of  experiment  with  a  different  microstructure  fiber  which  has 
similar  nonlinear  gain  but  different  dispersion  properties,  we  did  not  observe  correlation 
between  those  two  wavelengths  in  the  side  spectral  bands,  suggesting  that  dispersion  plays  an 
important  role.  It  is  known  that  for  a  dual-pump  wavelength  process  in  an  optical  fiber, 
several  third-order  nonlinear  processes  such  as  degenerate  FWM,  non-degenerate  FWM,  and 
Bragg  scattering  can  occur,  each  with  different  phase-matching  conditions  [26,  27].  In 
practice  there  can  be  significant  interactions  between  these  processes  via  their  phase-matching 
conditions.  With  appropriate  dispersion  management,  one  nonlinear  process  can  be  enhanced 
while  other  processes  are  relatively  suppressed.  In  our  experiment,  by  arranging  to  have  the 
non-degenerate  FWM  dominate  at  the  middle  frequency,  we  observe  its  dominance  in 
creating  the  higher  order  side  spectral  bands  as  well. 

In  conclusion,  we  have  measured,  for  the  first  time,  increased  classical  cross-correlation 
for  high  order  wavelength-matched  stokes  and  anti-stokes  light  created  from  a  cascaded  FWM 
process,  suggesting  the  dominance  of  spontaneous  non-degenerate  FWM  in  the  interaction. 
The  demonstrated  correlation  feature  may  have  potential  for  producing  highly  correlated  twin 
beams,  and  correlated  two-photon  light.  This  correlation  feature  depends  on  the  fiber 
dispersion,  as  evidenced  by  our  tests  with  different  fibers  and  the  variation  of  pump 
wavelength  in  the  experiment.  Theoretical  work  is  needed  to  understand  the  fundamental 
physics  that  generates  this  correlation  feature,  to  guide  our  future  experimental  studies.  This 
analysis  is  under  way. 
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